Abstract. The influence of microstructural bias on the Hugoniot Elastic Limit and spall strength of twophase TiB 2 +Al 2 O 3 ceramics was investigated in this study. The microstructural bias includes differences in phase (grain) size and phase distribution such that in one case a continuous (interconnected) TiB 2 network surrounds the A1 2 O 3 phase, and in another case the TiB 2 and A1 2 O 3 phases are interdispersed and uniformly inter-twined with each other. Dynamic compression and tension (spall) properties were measured using plateimpact gas-gun experiments. The measurements used piezoelectric PVDF stress gauges to obtain the loading profile and determine the Hugoniot Elastic Limit, and VISAR interferometry to obtain the spall signal and determine tensile properties. The experimental results reveal that while the strength under dynamic compression (HEL) is more dominantly dependent on the phase size, the tensile spall strength scales with the connectivity of the TiB 2 phase.
INTRODUCTION
The objective of the present work is to characterize the high-strain-rate deformation and damage response of four types of microstructurally-biased, two-phase TiB 2 +Al 2 O 3 ceramics. The microstructures involve either a continuous (interconnected) TiB 2 network that surrounds A1 2 O 3 (qualitatively termed 'T@A'), or where the TiB 2 and A1 2 O 3 phases are interdispersed and uniformly inter-twined with each other (qualitatively termed 'TinA') [1] . Past work on these two-phase ceramics has revealed an 80% increase in compressive strength with increasing strain rate (3.5 GPa at 10" 4 s" 1 to 5.8 GPa at 10 3 s" 1 ) [1] . In addition, the two-phase Al 2 O 3 +TiB 2 ceramics have shown superior static and dynamic mechanical properties than their monolithic constituents [1] [2] [3] . The Al 2 O 3 +TiB 2 ceramics have also shown better penetration resistance than monolithic A1 2 O 3 , and the system in which TiB 2 is an interconnected phase surrounding A1 2 O 3 has been shown to exhibit a superior ballistic performance compared with the system in which the two phases are simply uniformly interdispersed [1, 4] . Micromechanical simulations have also demonstrated the effect of microstructural bias on failure resistance [5, 6] . However, the influence of microstructural bias on the fundamental dynamic properties of these ceramics has not been fully established. In the present work, normal plate impact experiments were used to measure the HEL and the spall strength of the materials. The measured responses were then correlated with the microstructure characteristics.
EXPERIMENTAL PROCEDURE
Details of the processing approaches used for fabricating these two-phase TiB 2 +Al 2 O 3 ceramics are described elsewhere [1, 7] . The impact experiments used an 80-mm diameter, single-stage gas gun. Measurements of the HEL and the shock wave speeds under dynamic compression were obtained from stress profiles recorded using PVDF stress gauges. A TiB 2 flyer plate backed by an air gap and mounted at the head of an aluminum projectile, was used to impact the target assembly consisting of ~3 mm thick ceramic sample plates backed by TiB 2 backer plates. Experiments were conducted at a nominal velocity of 0.750 km/s (~15 GPa nominal impact stress), measured using arrival time pins.
One PVDF gauge package was placed at the impact surface and another was placed between the sample and TiB 2 backer plate. The experimental setup was designed such that planar-parallel shock waves propagate the target, and the input and propagated stress-profiles are measured with little interference from radial reflected waves. Fig. 1 (b) shows the experimental setup, illustrating the target sample (without any backer) being impacted by a projectile consisting of a 4140 steel (or silicon carbide) flyer plate and an aluminum sabot. An air gap exists between the flyer plate and the sabot to allow full unloading required for the spall strength measurements. All sample surfaces were lapped for flatness and parallelism. The ceramic targets were polished with 5-jim diamond paste to ensure reflectivity required by the VISAR beam. The timeresolved longitudinal motion of the sample free surface was measured with a VALYN VISAR and recorded on a digital oscilloscope.
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Velocity/Tilt Pins FIGURE 1. Schematics of setups used for measurements of (a) stress profiles with PVDF gauges and (b) free-surface velocity traces with VISAR interferometry.
RESULTS AND DISCUSSIONS

MicrostructuralCharacteristics
Optical micrographs of the four types of microstructurally-biased samples studied, are shown in Figure 2 (a-d). It should be noted that the samples do not reveal 100% microstructural bias, i.e., while micrographs of Samples A and C generally illustrate a nearly continuous (interconnected) TiB 2 phase surrounding A1 2 O 3 , regions where the converse is true are also present. Likewise, Samples B and D show not only an intermixed structure but also the continuous phase. The TiB 2 phase connectivity was quantified based on average integral curvature measurements (described elsewhere [8] ) and the grain size of the respective phases was obtained using the mean liner intercept method. The average grain (phase) sizes of TiB 2 and A1 2 O 3 in both SHS samples (A and B) are smaller than those in the manually mixed samples (C and D), with Sample C showing the largest size for both constituents. Sample-C also represents the microstructure with the highest connectivity for TiB 2 .
Elastic Properties
The elastic properties of the ceramics were characterized using an ULTRAN Laboratories ultrasonic test apparatus, which allows determination of longitudinal and shear wave velocities. Densities were measured on individual samples by the Archimedean method. The modulii (E = 474-505 GPa and ji = 172-175 GPa) of the various ceramic samples are relatively similar except in the case of Sample B (E = 421 GPa and ji = 149 GPa), which has -4.4% porosity.
Dynamic Compression Behavior
Measurements of the Hugoniot Elastic Limit ((JHEL) were obtained from normal planar impact experiments conducted at an impact velocity of 750 m/s. Table I lists the sample thickness, density, impact velocity measured using shorting pins, wave speed measured by considering the times of travel through the powder thickness as recorded by input and backer gauges, the Hugoniot Elastic Limit (<JHEL)> and the yield stress in simple tension (<J YS ) calculated from the (J HEL . The wave-speed in the material (a function of sample density and microstructure in addition to loading conditions) is measured to be similar for all four samples (within range of experimental scatter). The Hugoniot Elastic Limit (OHEL)> the axial stress at which a solid loaded under conditions of uniaxial strain begins to exhibit plastic deformation, is observed to be a strong function of the microstructure including phase size. It can be seen that the <J HEL is lowest for Sample-B (4.4+1.2 GPa), due to its high level of porosity (-4%) and highest for Sample-D (8.5+4.5 GPa) (with a large standard deviation [9] , and found to show the same trend for the four microstructurally-biased ceramics, with Sample D showing the highest and Sample B the lowest yield strength.
Tensile (spall) Strength
Spall experiments were performed (with VISAR interferometry) on samples of microstructure 'A' at impact velocities corresponding to input stresses above and below the OHEL> and on samples of microstructures 'C' and 4 D' at stresses below the O H EL> to ensure that the compression-induced damage does not influence the tensile response. The velocity traces revealed a spall signal (velocity decrease, AU fs ) which was used to compute the spall strength (<j spa ii=l/2p 0 C 0 AUf S ). As shown in Table n, the spall strength for sample-'A' is 0.320 MPa at input stresses of 3.7 and 7.9 GPa. However, with input stress increasing to 11.8 GPa, the spall strength decreases to 0.160 GPa. It can be seen that while the spall strength decreases with increasing input stress, the two-phase TiB 2 +Al 2 O 3 ceramic maintains non-negligible spall strength even at input stresses exceeding the Hugoniot Elastic Limit (6.2+3.4 GPa). Tensile spall experiments were also performed on samples of microstructures 'C' and 'D', at an input stress of -3.8 GPa. A spall strength of 0.311 GPa for Sample-C and 0.222 GPa for Sample-D, was observed. A comparison of spall test results between Sample-C and Sample-D shows that the latter sample with dispersed microstructure has a lower spall strength, while the microstructure with interconnected phases has a higher spall strength, even though Sample 'D' has a smaller phase size. The measured high value of spall strength of the two-phase ceramic is similar to the published spall strength of TiB 2 (0.33 GPa) but lower than that of A1 2 O 3 (0.45 GPa).
Experiments under Dynamic Compression
DISCUSSION AND SUMMARY OF RESULTS
The two-phase TiB 2 +Al 2 O 3 ceramics made either by the SHS or mechanical milling methods, reveal differences in microstructure which qualitatively show TiB 2 as a continuous (interconnected) phase surrounding A1 2 O 3 (T@A), or TiB 2 and A1 2 O 3 intermixed with each other (TinA). Quantitative microscopy analysis based on the measurement of the integral curvature showed that the samples investigated do not exhibit 100% microstructural bias. However, the overall trend of the influence of microstructural bias emerging from the results of experiments performed to-date illustrates that the dynamic yield strength and the OHEL are more dominantly dependent on the phase size. Sample-C prepared by manual mixing and having the largest phase (grain) size shows the lowest values in contrast to the other samples of similar (~99%) density. In contrast, the tensile spall strength appears to scale with the continuity of the TiB 2 phase. Sample-C, which has the most interconnected TiB 2 phase, has the highest value of the tensile spall strength. The results therefore, illustrate that while the Hugoniot Elastic Limit and the dynamic compressive yield strength of Al 2 O 3 +TiB 2 are dependent on the average grain (phase) size, the tensile spall strength scales with the TiB 2 -phase connectivity, and less so with the average phase size. It is possible that the interconnected phase morphology is more effective in impeding initiation and progression of fracture under tensile conditions. If so, TiB 2 as an interconnected phase has the ability to suppress and relax the cracks formed in A1 2 O 3 . Alternatively, it is also possible that in the two-phase ceramic with the microstructure containing dispersed A1 2 O 3 and TiB 2 phases, the mechanical energy trapping due to scattering of waves from incoherent boundaries and interfaces, results in the lowering of the tensile (spall) strength. Further work is currently in progress to more clearly delineate the effects of interconnected versus dispersed TiB 2 phase, and to eventually fabricate two-phase Al 2 O 3 +TiB 2 ceramics with the microstructural bias that yields the most optimal dynamic properties.
